Proximity effects and pair currents were measured in epitaxial trilayer c-axis junctions comprise of a P rBa 2 Cu 3 O 7−δ barrier sandwiched in between an overdoped Y 0.94 Ca 0.06 Ba 2 Cu 3 O 7−δ and underdoped Y Ba 2 Cu 2.7 Co 0.3 O y layers. These junctions had two T c values of T c (high) = 84 − 86 K and T c (low) = 50 − 55 K, allowing investigation when both electrodes are superconducting, or when only one is superconducting while the other is in its pseudogap regime. For T below T c (high) but much above T c (low), two distinct proximity effect transitions were observed in the resistance at two temperature regimes, between 80 and 84 K, and 76 to 80 K. The first is a conventional proximity effect with the T c (high) electrode, while the second is a second-order proximity effect of this electrode with uncorrelated pairs in the pseudogap regime. Conductance spectra measured between 2 and 86 K showed four different I c pair currents which were attributed to coherent pairs tunneling through the barrier below 42 K, to fluctuating pairs current up to ∼77 K, and to proximity pairs current between 77 and 84 K. All pair currents were suppressed under magnetic fields, with two distinct decay parameters that originated in the two different electrodes, with a significant suppression observed in the pseudogap regime.
I. INTRODUCTION
Almost three decades after the discovery of the pseudogap in the cuprates [1, 2] its origin is still unknown. Experimental results show that its commonly observed cross over temperature T * in many physical parameters, is actually due to a real phase transition of magnetic and elastic properties [3, 4] . Other phenomena however, such as the Nernst effect and charge or pair density waves (CDW and PDW) were found to occur at temperature much lower than T * , but still in the pseudogap regime [5, 6] . Various models were proposed to account for the pseudogap phase ranging from fluctuating, uncorrelated pre-formed pairs which are precursors to superconductivity [7] , to competing or coexisting orders with superconductivity [8] . Excess currents due to pairs fluctuation in the pseudogap state were observed in copper-oxide superconductors [9] . Following a recently proposed model of Amperian-pairing based on the competing PDW order [10] , we set up an experiment to test whether such pairing actually exists or not in planar c-axis junctions of the cuprates under in-plane magnetic fields. These junctions comprised of a trilayer base electrode having a P rBa 2 Cu 3 O 7−δ (PrBCO) barrier sandwiched in between two Y Ba 2 Cu 3 O 7−δ (YBCO) or doped YBCO layers, and covered by a thick gold electrode. As no Amperian-pairing was found in this experiment, we investigated instead the fluctuating pair lifetimes and supercurrents in these junctions, and found two distinct lifetimes in the pseudogap regime, as well as a fluctuating pairs current much above T c of the underdoped electrode [11] . In the present study we focus on the results observed in junctions of one particular wafer, which were not elaborated on in our previous study. This wafer which had an underdoped electrode, showed a new kind of a proximity effect transition, four pair currents of different origins, as well as strong suppression under magnetic field of the pairs fluctuation current in the pseudogap regime. We found that the presence of the underdoped electrode with its pseudogap in these junctions was essential, as no such results were observed in junctions on other wafers which had no underdoped electrode [11] .
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II. EXPERIMENTAL
For our previous study [11] , fifty c-axis junctions were prepared on five different wafers, ten junctions of the same type on each wafer, as described in detail in Table I .
The junctions structure and fabrication process are basically similar to that described previously [12] , and further elaborated on in Ref. [11] , so there is no need to add more details here. All junctions had a low-T c electrode with as discussed theoretically by Scalapino even before the cuprates were discovered [13] . In the present study we focus on the transport results observed on junctions of the CJ-4 wafer, which had an overdoped Y 0.94 Ca 0.06 Ba 2 Cu 3 O 7−δ electrode and an underdoped YBCoCO electrode, marked as layers S1 and S2 in Fig. 1 (a) , respectively. This figure shows a schematic cross-section of the trilayer base electrode of these junctions, while a typical Atomic Force Microscope image of one such junction including the gold cover electrode is given in Fig. 1 (b) . Transport measurements were carried out using the four-probe technique, with and without a magnetic field of up to 8 T, parallel or perpendicular to the wafer. second step width of about 4 K of J2 remained, but that of J4 increased from about 1 K to 4-5 K. We therefore decided to concentrate in this study on the data of J2, but before that we follow both junctions behavior down to 2 K as seen in Fig. 2 at about 50-55 K (see the resistance drops below the green lines). The aged junctions had higher resistances, but while J4 kept a monotonous behavior versus temperature, J2 didn't. J2 showed a peak between 40 and 55 K, in the YBCoCO transition regime. We attribute the increasing part of this peak with decreasing temperature to the insulating PrBCO barrier resistance as in Fig. 1 (a) , which is then overcome by the YBCoCO transition to superconductivity that lowers the overall junction resistance again with decreasing temperature. The peak resistance of J2 occurs at about 50 K, which coincides with the kink seen in the J4 data, then they both decrease together due to the proximity effect down to about 42 K, where the resistance almost levels off. This leveling off is due to the serial gold lead resistance which dominates the data below about 20 K.
To understand the two steps observed in Fig. 2 (b) , we first note that the resistivity ρ of bare thin films of PrBCO is much higher than when the PrBCO layer is incorporated in junctions like we have here. For instance, at 57 K, ρ f ilm ranges between 0.4 to 10 4 Ωcm [14] , while in J2 or J4 of CJ-4 it is no more than ρ junction ≈ 0.05 Ωcm (using the maximum resistance 0.04 Ω of Fig. 2 (c) and the junction area and PrBCO thickness of Table I ).
We thus conclude that in junctions the PrBCO layer has a much higher carrier density.
Moreover, the decreasing R on lowering the temperature as in Fig. 2 (c) , indicates that the two PrBCO layers adjacent to the interfaces in our junctions basically behave like normal metals as depicted by N1 and N2 in Fig. 1 (a) . Returning now to the two steps behavior of Fig. 2 (b) , we observe that while the first resistance step between 81 and 84 K was common to all the junction on the CJ-4 wafer, the second step between 77 and 80 K wasn't, and appeared fully only in J2, partially in J4, and very weakly in the other junctions. The origin of the first step is simple and results from the conventional proximity effect transition at the Ca-doped YBCO and PrBCO interface marked by "PE of S1&N1" (referring to the layer numbers in Fig. 1 (a) ), and the top double arrow in Fig. 2 to a conventional proximity effect at interface I of Fig. 1 (a) , and to an unconventional "second order" one involving preformed pairs in the pseudogap regime in the PrBCO barrier.
Conductance spectra of the pristine J2 junction are shown in Fig. 3 at various temperatures from 2 to 80 K and zero magnetic field. At low temperatures, a typical top-hat shape of these spectra is seen which is a result of a constant gold and junction resistance R(Au&J) up to a critical voltage V c1 where the conductance drops sharply, indicating that the critical current I c1 in the junction was reached [11, 12] . With increasing temperature, these spectra narrow down to a peak around zero bias at 41 to 44 K, where a new top-hat shape develops at higher bias. The later top-hat indicates that another kind of critical current I c2 exists in our junctions. Similar conductance spectra were measured after aging of this junction and the detailed results are given in Fig. 4 . At low temperatures, the flat part of the top-hat shape remained, but the overall conductance decreased with aging from 200 to 140 Ω −1 . In detailed and have sharper features, apparently due to the more robust tunneling barrier.
To determine the different critical currents we used the current versus voltage I-V data that was measured simultaneously with the conductance spectra. Since our junctions always had a serial resistance R, we had to subtract the voltage drop IR on it from the measured voltage V in order to have I-V curves (IVC) with finite current at zero voltage (generally, IVC with a vertical segment at V=0), from which I c could be determined. Two factors contributed to the serial resistance R, one was the resistive gold lead to the junction, and the other the resistance of the junction itself. Thus we mark it as R=R(Au&J). for the data at 47.7 K (not shown), where a very narrow zero bias conductance peak has also been observed (Fig. 4 (c) ). As a reliability test of our procedure of using the modified IVC by subtracting IR(Au&J) from the measured voltage V, we plotted in Fig. 2 (d and (d). I c1 is the coherent supercurrent when both electrodes are superconducting, I c2 is the fluctuating pairs current, at temperatures larger than about 40 K which is the superconducting transition of the proximity layer N2 of interface-II of Fig. 1 (a) . I c3 and I c4 are attributed to the two proximity transitions of the two steps in Fig. 2 (b) , see text.
57 K [15] , is also clearly seen in Fig. 6 by the sharp increase of I c2 on cooling down below this temperature. Due to a current source limit of 100 mA, and heating effects at this high bias current, we could not measure I c2 below about 36 K. It is unclear if I c2 at low temperatures (below about 50 K) has a coherent component or not. The last two pair currents I c3 and I c4 above 77 K are attributed to the two proximity regions elaborated on previously, and marked by the two double arrows in Fig. 2 (b) .
Next, we go back to the pristine J2 junction of the CJ-4 wafer and present its behavior under magnetic fields normal to the a-b planes, at temperatures below and above T c (YBCoCO). are also comparable. Therefore, disregarding whether we compare the large or small field decay parameters at the two temperatures, there is a clear evidence that at 61.5 K in the pseudogap regime of the YBCoCO electrode, both H S and H L are much smaller than at 2 K.
IV. CONCLUSIONS
An unconventional, second order proximity effect was observed in S1/I/S2 junction, in which a standard proximity region at the interface of a strong S1 superconductor and an adjacent N1 part of a PrBCO barrier, induces a second proximity effect in this barrier which contains injected preformed pairs from a weaker S2 superconducting electrode in its pseudogap regime. Another result was that four different pair currents were observed as a function of temperature, which were attributed to coherent supercurrents at low temperatures, to fluctuating pairs current above T c (S2), and to the two proximity regimes just below T c (S1). Finally, the pairs current was suppressed under magnetic fields, with two distinct decay parameters that originated in the two different electrodes, with a significant suppression observed in the pseudogap regime of S2.
